An extracellular thermostable lipase from Amycolatopsis mediterranei DSM 43304 24 has been purified to homogeneity using ammonium sulphate precipitation followed by 25 anion exchange chromatography and hydrophobic interaction chromatography. This 26 protocol resulted in 398 fold purification with 36% final recovery. The purified A. 27 mediterranei DSM 43304 lipase (AML) has an apparent molecular mass of 33 kDa. The N-28 terminal sequence, AANPYERGPDPTTASIEATR, showed highest similarity to a lipase 29 from Streptomyces exfoliatus. The values of app m K and app V m ax for p-nitrophenyl palmitate (p-30 NPP) under optimal temperature (60°C) and pH (8.0) conditions were 0.10 ± 0.01 mM and 31 2.53 ± 0.06 mmol/min mg, respectively. The purified AML displayed significant activity 32 towards a range of short and long chain triglycerides. It was most active on triolein and a 33 wide range of p-nitrophenyl esters, with a preference for an acyl chain length of C8:0. 34 Hydrolysis of glycerol ester bonds occurred non-specifically. The purified AML displayed 35 significant stability in the presence of organic solvents (40% v/v) and catalyzed the 36 synthesis of flavour ester isoamyl acetate in free and immobilized states. 37 38
Introduction 41
Lipases are among the most versatile of the enzyme classes and are used in a 42 number of applications in various industries, including the pharmaceutical, food, detergent, 43 cosmetic, oleochemical, fat-processing, leather, textile and paper industries (Gupta et al. Lipases from actinomycetes have not been studied as intensively as those from other 56 bacteria. In a previous paper from this laboratory we reported the presence of a novel lipase 57 in crude extracts of a mesophilic actinomycete Amycolatopsis mediterranei DSM 43304 58 (Dheeman et al., 2010) . Characterization of this A. mediterranei DSM 43304 lipase (AML) 59 activity indicated it had high thermostability and organic solvent stability indicating its 60 potential in organic synthesis. This has led to further interest in purification of AML and 61 investigating its potential in organic synthesis. In the present work we report the 62 purification and characterization of AML and evaluate its potential in the synthesis of an 63 6 A at a flow rate of 108 ml/h. Fractions were collected and analyzed for lipase activity and 109 protein content. Active fractions containing high lipase activity were pooled and 110 concentrated by ultrafiltration using a 10 kDa centricon (Amicon, USA), and applied to a 111 Toyopearl Phenyl-650M column (2.5 × 10 cm, 40 ml gel). The column was preequilibrated 112 with 10 mM Tris buffer, pH 8.0, containing 20% ammonium sulphate (buffer B) at room 113 temperature. Equilibration of Toyopearl Phenyl-650M gel with sample at room temperature 114 allowed 100% of the lipase to be bound. After a three column volume wash with buffer B, 115 the bound protein was eluted with three column volumes of decreasing step gradient of 116 ammonium sulphate from 20-0% and three column volumes of increasing step gradient of 117 isopropanol from 0-30% in buffer A at a flow rate of 125 ml/h. Fractions containing high 118 lipase activity were pooled and tested for purity on SDS-PAGE gels. The gels were stained 119 with silver nitrate and the molecular mass of the purified enzyme was estimated using 120 standard protein markers (BioRad Laboratories, CA, USA). 121
Gel electrophoresis and zymography 122
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out in 12.5 % 123 (w/v) gels at room temperature (ATTO AE-6450, Tokyo, Japan) as previously reported 124 (Dheeman et al., 2010). For activity staining, zymographic analysis was performed, 125 essentially as described by Prim et al. (2003) . 126
N-terminal sequence analysis 127
The purified protein band on SDS gel was transferred to a polyvinylidene difluoride 128 membrane (Immobilon ® -P PVDF, Millipore) by semidry electroblotting (ATTO Horizblot 129 AE-6677, Tokyo, Japan), and stained with Coomassie Brilliant Blue R 250. Automated 130
The effect of pH and temperature on activity and stability 133
The effect of pH and temperature on purified AML was investigated by using p-134 NPP as the substrate. The optimal pH of the purified enzyme was determined at 60°C over 135 a pH 60°C range of 2-10 at constant molarity (50 mM) in different buffers (glycine-HCl (pH 136 2.0-3.0), citrate-phosphate (pH 3.0-6.0), sodium phosphate (pH 6.0-8.0), Tris-HCl (pH 8.0 137 and 9.0) and 2-amino-2-methyl-1,3-propanediol (ammediol) buffer (pH 9.0-10.0)) . The pH 138 stability was studied by incubating the purified AML in selected buffers of pH range 2-12 139 for 24 h at 20°C. The residual enzyme activity was measured by spectrophotometric assay 140 at 60°C, pH 8.0. The optimum temperature of the purified enzyme was determined by 141 measuring the enzyme activity at various temperatures (20-80°C) in 50 mM Tris-HCl 142 buffer, pH 8.0. Thermostability was determined by incubating purified lipase in 20 mM 143 Tris-HCl buffer, (pH 8.0) at various temperatures (60-90°C) for 3 h and residual activity 144 was analyzed by spectrophotometric assay at 60°C, pH 8.0. 145
Determination of kinetic constants 146
Initial rates measurements with 0.59 µg of purified AML were performed in 50 mM 147
Tris-HCl buffer, pH 8.0 at 60°C with increasing concentration of p-NPP (0.02-0.93 mM). 148 The temperatures of the column oven, the injection port and the detector were maintained at 211 60, 250 and 200°C, respectively. The conversion percentage calculated by both GC analysis 212 (which showed product formation) and titrimetry (which showed acid consumption) were 213 in good agreement. 214
Results 215

Lipase purification 216
The isolation of the enzyme from the culture filtrate was achieved by a three-step 217 procedure. The lipase from crude filtrate was precipitated by ammonium sulphate at 40% 218 saturation. The precipitated enzyme was dissolved in a minimum volume of 10 mM Tris-219
HCl buffer, pH 8.0. The first step of precipitation and dialysis resulted in 92.52% overall 220 yield with specific activity of 3.66 IU/mg. The first chromatographic step of anion 221 11 exchange (Q Sepharose HP column) separated p-NPP hydrolyzing enzyme from a part of 222 contaminating proteins. In addition, column chromatography on Toyopearl Phenyl-650M 223 was required for the isolation of the enzyme, which resulted in a single peak of active 224 protein and in an electrophoretically homogeneous preparation (Fig. 1a ). By this 225 purification procedure a 398-fold increase in enzyme specific activity was achieved, with 226 an overall yield of 36 % ( Table 1 ). The pure enzyme preparations were stored at -20°C and 227 were used to study its properties. 228
Gel electrophoresis and zymography 229
SDS-PAGE of purified lipase showed single protein band of a relative molecular 230 mass of 33 kDa. The activity of the band on the gel was detected using MUF-butyrate in 231 situ enzyme assay after SDS-PAGE and the p-NPP hydrolyzing activity coincided with the 232 purified protein (( Fig. 1b) . 233
N-terminal sequence of AML 234
N-terminal sequencing of the PVDF transferred band from an electrophoretic gel 235 allowed the identification of 20 amino acid residues: AANPYERGPDPTTASIEATR. This 236 sequence was compared with the sequences of known lipases (Table 2) . It exhibited 237 significant similarity (85%) only with the N-terminal sequence of Streptomyces exfoliatus 238 lipase (Wei et al. 1998 ). Also, the first 19 amino acids of AML were found to be identical 239 to 48-66 amino acids of a putative lipase identified from an ORF in recently completed 240 genome sequence of A. mediterranei U32 (genebank accession no. ADJ49206). 241
The effect of pH and temperature on activity and stability 242
The purified enzyme was most active toward p-NPP at pH 8.0. The activity was not 243 much affected at pH 7 and 9 where it showed around 90% of relative activity. The purified 244 enzyme was stable in the pH range 6-9 retaining more than 95% of relative activity after 24 245 h of incubation (data not shown). The purified enzyme exhibited maximum activity toward 246 p-NPP at 60°C. Above this temperature sharp inactivation occurred (data not shown). 
Substrate range 253
The enzyme substrate range was studied with p-nitrophenyl esters of varying fatty 254 acyl chain lengths. The highest hydrolysis rates were obtained with p-NP caprylate (C8:0) 255 followed by p-NP caproate (C6:0), indicating the enzyme's preference for medium-size 256 acyl chain lengths ( Fig. 2a ). Relative activity for each substrate is expressed as a percentage 257 of that for p-NP caprylate (C:8). The substrate preferences of AML were characterized 258 with various oil and triacylglycerol substrates. As shown in Figs. 2b and 2c , relative 259 activity for each substrate is expressed as the percentage of that for olive oil. AML showed 260 relatively high activity using various emulsified oils especially for olive oil. Among the 261 substrates tested, AML showed a distinct preference for long, unsaturated fatty acyl chains. 262
The relative activities for substrates with cis-9 unsaturation (C18:1, cis-9; C18:2, cis-9, 12; 263 C18:3, cis-9, 12, 15) are higher than the relative activity on the saturated triacylglycerols 264 (C8:0, C16:0, C18:0). 265
Position specificity 266 13
In order to determine the position specificity (regio-selectivity) of purified AML, 267 thin-layer chromatography of AML catalyzed hydrolysis products of pure triolein was 268 performed (Fig. 3) . After 30 min at 30°C, the products of hydrolytic action of purified 269 AML on triolein were oleic acid (major product), 1,3-dioleylglycerol (1,3-DO), 1,2(2,3)-270 dioleylglycerol (1,2(2,3)-DO) and 1(2)-monooleylglycerol (1(2)-MO) (minor products). 271
From observation of reaction products, AML did not discriminate between sn-1 and sn-2 272 positions of triolein. 273
Effect of various reagents and organic solvents 274
Various compounds were studied for their effect on purified AML activity (Table  275 3). AML proved to be insensitive to the chelating agents, ethylenediaminetetraacetic acid 276 (EDTA) and sodium citrate. It showed relative insensitivity to SDS, but incubation with 1 277 mM digitonin and sodium deoxycholate caused pronounced activation of the enzyme by 278 42.5% and 141.3%, respectively. The enzyme was activated in 1 mM 1,4-dithiothreitol, β-279 mercaptoethanol and ascorbic acid by 47.6%, 36.4% and 24.4%, respectively. The 280 incubation with 1 mM of different chain length fatty acids had little effect on the enzyme 281 activity. Significant stability was observed toward metal ions except Hg 2+ , which showed 282 the highest reduction in AML activity by 83.3% (data not shown). AML was not inhibited 283 by NAI, CA, IA and PG suggesting the non-involvement of tyrosine, lysine, cystein and 284 arginine residues in catalysis. Strong inhibition of enzyme by PMSF, EDAC, DEPC and 285 NBS was observed which indicated the significant involvement of serine, carboxylate, 286 histidine and tryptophan for catalytic activity (Table 4 ). Purified AML was stable in the 287 presence of water-miscible solvents (dimethyformamide, methanol, ethanol and 2-288 propanol) as well as water-immiscible solvents (n-hexane, p-xylene, cyclohexene and 289 14 toluene). In most cases the enzyme was significantly activated, with residual activities 290 greater than 100% (data not shown). 291
Potential of purified AML in ester synthesis 292
Purified AML, free and celite-immobilized, was used to catalyze the esterification 293 of isoamyl alcohol to isoamyl acetate in n-hexane using acetic acid as an acyl donor. AML 294 exhibited significant potential for synthesis of isoamyl acetate. After 72 h of reaction a 295 yield of isoamyl acetate of 34.4% and 16.2%, with respect to the initial acetic acid, was 296 obtained using immobilized and free AML, respectively (Fig. 4) . 297
Discussion 298
The number of commercially available lipases has increased considerably in recent 299 decades, along with the demand for these biocatalysts. lipase is the only lipase from the Streptomyces genus whose crystal structure has been 338 determined (Wei et al., 1998) . However, its biochemical characterization and chain length 339 specificity has not been reported. Therefore, comparison between these two enzymes is not 340 yet possible. 341
The high activity and stability of AML over a wide pH range (5-9) suggests its 342 usefulness in a range of industrial applications. In different industrial applications 343 thermostability is an important property for applications in processes operating at high with stability in polar solvents. Interestingly AML also showed distinct specificity for long, 358 unsaturated fatty acyl chains, which is a very valuable property for enzymatic restructuring 359 by interesterification of fats and oils with unsaturated fatty acids to improve the physical 360 properties of triglycerides for use in food industries (Jackson et al., 1997) . 361
In order to determine the position specificity of AML, pure triolein hydrolysis 362 products were analyzed using thin-layer chromatography (Fig. 3) . The hydrolysis products 363 by AML were oleic acid (major product), 1,3-DO, 1,2(2,3)-DO and 1(2)-MO (minor 364 products). Spontaneous acyl migration was considered unlikely because of the short Many biotechnological processes involve the presence in the reaction media of 369 certain ions that could act as modifiers of the enzyme activity. To test this possibility, the 370 influence of different metal ions and several putative inhibitors or compounds commonly 371 used was assayed on the purified AML. Among the different metal ions tested, only Hg 2+ 372 strongly inhibited AML activity probably due to the binding of Hg 2+ to a functional thiol 373 group (Patkar and Björkling, 1994). Other commonly used effector molecules were tested 374 to evaluate their capacity to inhibit or activate the purified AML (Table 3) of isoamyl acetate. Although, the reaction conditions were not optimized, the purified 410 lipase showed considerable esterification capacity (34.4%). Furthermore, lipase 411 immobilized on celite exhibited roughly 2 fold higher esterification for isoamyl acetate 412 synthesis in comparison to free enzyme (Fig. 4) . The immobilization of lipases on celite has 413 been previously reported to improve the catalytic activity of enzymes by providing 414 protection against the denaturing effects of organic solvents (Khare and Nakajima, 2000; 415 Salah et al., 2007) . 416
Conclusions 417
In this study, AML was purified to homogeneity with 398 fold purity and a specific 418 activity of 781 IU/mg protein. The characterization study of purified AML showed that it 419 has a number of industrially important characteristics like high thermostability, organic 420 solvent tolerance and specificity towards broad substrate range. All these features make 421 AML, a suitable candidate for application in non aqueous biocatalytic processes such as 422 esterification of primary and secondary alcohols, random interesterification of different oils 423 and fats, oil contaminated biodegradation and biodiesel production. Moreover, purified 424 AML also showed potential in synthesis of industrially important flavor ester, isoamyl 425 20 acetate. Therefore, future studies should focus on optimization of isoamyl acetate synthesis 426 using AML and examination of related synthetic capabilities. 427 
